Neuregulin 1 (NRG1) is a trophic factor that has an essential role in the nervous system by modulating neurodevelopment, neurotransmission and synaptic plasticity. Despite the evidence that NRG1 and its receptors, ErbB tyrosine kinases, are expressed in mesencephalic dopaminergic nuclei and their functional alterations are reported in schizophrenia and Parkinson's disease, the role of NRG1/ErbB signalling in dopaminergic neurons remains unclear. Here we found that NRG1 selectively increases the metabotropic glutamate receptor 1 (mGluR1)-activated currents by inducing synthesis and trafficking to membrane of functional receptors and stimulates phosphatidylinositol 3-kinase-Akt-mammalian target of rapamycin (PI3K-Akt-mTOR) pathway, which is required for mGluR1 function. Notably, an endogenous NRG1/ErbB tone is necessary to maintain mGluR1 function, by preserving its surface membrane expression in dopaminergic neurons. Consequently, it enables striatal mGluR1-induced dopamine outflow in in vivo conditions. Our results identify a novel role of NRG1 in the dopaminergic neurons, whose functional alteration might contribute to devastating diseases, such as schizophrenia and Parkinson's disease.
INTRODUCTION
Neuregulins (NRGs) are a family of trophic and differentiation factors that have an essential role in the development and function of the nervous system. [1] [2] [3] [4] NRGs are encoded by four different genes (NRG1-4), of which NRG1 is the best characterized. Different isoforms of NRG1s are produced by alternative splicing; they all share an epidermal growth factor (EGF)-like domain, which is essential for signalling transduction. [1] [2] [3] [4] NRG1s are synthesized as membrane-anchored precursors, called pro-NRG1s, which undergo a proteolytic cleavage by different types of matrix metalloproteases, with the release of the diffusible active form in the extracellular compartment. NRG1s bind to receptor tyrosine kinases called ErbB, a family of proteins containing a single membrane-spanning segment. Four different subtypes of ErbB (ErbB1-4) have been characterized of which ErbB2, ErbB3 and ErbB4 mediate NRG1s signalling, whereas ErbB1 (also known as EGF receptor) is activated by EGF.
Binding of NRG1 induces the formation of homo and/or heterodimers of ErbB proteins, producing cross-phosphorylation of intracellular domains and activation of different signalling pathways, including phosphatidylinositol 3-kinase-Akt-mammalian target of rapamycin (PI3K-Akt-mTOR). 4 Recent evidence suggests a role of NRG1/ErbB signalling in modulating the dopaminergic system. 5 It has been reported that NRG1 and different ErbB receptors subunits are strongly expressed in mesencephalic dopaminergic nuclei, both in the substantia nigra pars compacta (SNpc) and in the ventral tegmental area, from development to adulthood. [6] [7] [8] [9] Moreover, a dysregulation of NRG1/ErbB signalling has been associated to brain disorders such as schizophrenia and Parkinson's disease (PD), in which an alteration of dopaminergic transmission has been clearly demonstrated. In fact, NRG1 is considered an important susceptibility gene for schizophrenia as several single-nucleotide polymorphisms have been reported in schizophrenic patients. 4, [10] [11] [12] [13] In line with this, alterations in the expression and signalling of NRG1/ErbB receptors have been reported in post-mortem studies of schizophrenic patients and in animal models of schizophrenia. [14] [15] [16] [17] [18] [19] Of note, transgenic mice with altered NRG1/ ErbB signalling show behavioural abnormalities related to the features of schizophrenia. 9, [20] [21] [22] [23] [24] [25] As NRG1s display a neuroprotective role in dopaminergic neurons in primary cultures 26 and PD animal model, 27 they have been proposed as crucial factors in the balance for life and death fate of these cells. This hypothesis has been corroborated by the evidence that ErbB4 receptors are overexpressed in residual dopaminergic neurons in PD patients, 28 suggesting that increased NRG1-mediated signalling could protect them from neuronal death.
Other experimental evidences also suggest a role of NRG1 in the modulation of dopaminergic system. For example, a transient exposure of mice to NRG1 in the neonatal period results in hyperdopaminergic activity in the prefrontal cortex during adulthood. 29 Moreover, an alteration in the level of dopaminergic D2 receptors has been detected in transgenic mice hypomorphic for NRG1 in the striatum. 30 Furthermore, an intra-cerebral injection of NRG1 in rodents induces dopamine (DA) overflow both in the striatum 31 and in the hippocampus. 32 At the cellular level, ErbB receptors appear preferentially localized in the postsynaptic densities (PSD), where they differently modulate the expression and/or the function of neurotransmitter receptors such as N-methyl-D-aspartate receptors (NMDARs), α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptors (AMPARs), GABA A , nicotinic acetylcholine receptors and metabotropic glutamate receptors (mGluRs), [32] [33] [34] [35] [36] [37] [38] [39] [40] thus regulating synaptic functions and plasticity. 4 mGluR1 is highly expressed in mesencephalic dopaminergic neurons where it induces an increase in intracellular calcium, 41 an inward current mediated by canonical transient receptor potential (TRPC) channels, 41, 42 an activation of burst firing discharge 43 and an increase in DA release in projection areas. 44 mGluR1 is also critically involved in neuronal development, 45 and in different forms of synaptic plasticity also associated with drugs of abuse, [46] [47] [48] and is implicated in several neuropsychiatric and neurodegenerative disorders. 48, 49 These evidences prompted us to investigate whether NRG1/ErbB signalling affects mGluR1 activity in mesencephalic dopaminergic neurons.
Here we report a novel mechanism by which NRG1/ErbB tone regulates the strength of dopaminergic transmission by modulating mGluR1 expression and trafficking to membranes in the mesencephalic dopaminergic neurons thus affecting mGluR1mediated functions both in vitro and in vivo.
MATERIALS AND METHODS

Slice preparation
All experiments were carried out in accordance with the international guidelines on the ethical use of animals from the European Communities Council Directive of 24 November 1986 (86/609/EEC) and the Comitato Etico of the Tor Vergata University, Rome, Italy. Acute midbrain slices were used to perform electrophysiology, immunofluorescence, byotinilation and biochemistry experiments.
To this end, Wistar rats (17-23-days old) were anesthetized with isoflurane and decapitated. The brain was rapidly removed from the skull, and a tissue block containing the midbrain was isolated and immersed in cold artificial cerebrospinal fluid (aCSF) at 8-10°C. The aCSF contained (in mM): NaCl 126, KCl 2.5, MgCl 2 1.2, CaCl 2 2.4, NaH 2 PO 4 1.2, NaHCO 3 24, glucose 10, saturated with 95% O 2 -5% CO 2 (pH 7.4). Horizontal slices (200-250-μm thick) of the ventral midbrain were cut using a vibratome (Leica VT1000S, Leica Microsystems, Wetzlar, Germany). 50 Slices were maintained in aCSF at 33.0 ± 0.5°C for 30 min before being differentially processed.
Slice pharmacological treatments
After recovery from cutting procedure (30 min), midbrain slices were kept in a holding chamber containing standard aCSF, saturated with 95% O 2 -5% CO 2 at 33.5°C and known concentration of drugs: NRG1 (5 nM; 5, 15 and 30 min), PD158780 (10 μM, 15 min), PD158780+NRG1 (NRG1 5 nM, 30 min preceded by PD158780 10 μM, 15 min), cycloheximide (CHX) (100 μM, 1 h), CHX+NRG1 (CHX 100 μM, 30 min followed by CHX 100 μM plus NRG1 5 nM, 30 min), CPCCOEt (100 μM, 30 min), CPCCOEt+NRG1 (CPCCOEt 100 μM plus NRG1 5 nM, 30 min), MPEP (10 μM, 30 min), MPEP +NRG1 (MPEP 10 μM plus NRG1 5 nM, 30 min), anisomycin (ANISO) (40 μM, 1 h) and ANISO+NRG1 (ANISO 40 μM, 30 min followed by ANISO 40 μM plus NRG1 5 nM, 30 min). Electrophysiological recordings on treated slices were performed within 30 min after the end of treatment. Immunofluorescence, biotinylation and biochemistry experiments were performed immediately at the end of slice pharmacological treatment.
Electrophysiology
Whole-cell patch clamp recordings on dopaminergic neurons of SNpc were performed at 33.0 ± 0.5°C in a recording chamber placed on the stage of an upright microscope (Axioscope FS, Zeiss, Gottingen, Germany), equipped for infrared video microscopy (Hamamatsu, Tokyo, Japan). Slices were continuously perfused at 2.0-2.5 ml min − 1 with aCSF. SNpc neurons, visually selected by their localization and morphology, were identified as dopaminergic based on their electrophysiological properties (regular spontaneous firing at 0.5-4 Hz, presence of a large inward current (I h ) in response to hyperpolarizing voltage steps) and response to application of DA (30 μM) with membrane hyperpolarization/outward current. 50 Whole-cell patch clamp recordings were performed with glass borosilicate pipettes (4-7 MΩ) pulled with a PP 83 Narishige puller and filled with a solution containing (in mM): KGluconate 135, KCl 10, CaCl 2 0.05, EGTA 0.1, Hepes 10, Na 3 -GTP 0.3, Mg-ATP 4 (pH 7.35 with KOH).
Cells were recorded in voltage-clamp mode (V H = − 60 mV). Current signals were filtered at 3 kHz and digitized at 10 kHz using a Multiclamp 700A (Axon Instruments, Foster City, CA, USA) operated by the pClamp10 software (Molecular Devices, Sunnyvale, CA, USA). No series resistance compensation was implemented, in order to keep a low signal-to-noise ratio; however, recordings were discarded if series resistance changed by 415% from control.
Amplitudes of membrane currents, induced by agonists, were calculated by measuring differences between baseline and peak and are expressed either as absolute values (pA) or percentage of controls.
Otherwise stated, drugs were bath applied at known concentrations via a three-way tap system. A complete exchange of the solution in the recording chamber occurred in about 1 min.
In the other set of experiments, (S)-3,5-dihydroxyphenylglycine ((S)-DHPG), AMPA and muscarine, dissolved in aCSF, were pressure applied (4-10 psi for 0.1-1.5 s), through a patch pipette connected to a Pneumatic Pico-pump PV 800 (WPI, Sarasota, FL, USA). The pipette was positioned above the slice in close proximity to the recorded neuron and agonists were applied every 3 min, to avoid receptor desensitization. Under these experimental conditions, stable and reproducible agonist-inward currents were recorded up to 2 h, before, during and after bath application of NRG1/ErbB signalling modulators.
Immunofluorescence
Slices were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (PB) overnight at 4°C and then immersed in 30% sucrose. Slices were cut into 30 μm-thick sections by a freezing microtome and incubated overnight at 4°C with primary antibodies diluted in PB containing 0.3% Triton X-100. After three washes in PB, sections were incubated for 2 h with secondary antibodies. After three washes in PB, sections were mounted on slides, air-dried and coverslipped with Fluoromount (Sigma Aldrich, Milan, Italy). Double fluorescence was examined under a confocal scanning laser microscope (ZEISS, LSM700, Oberkochen, Germany).
Primary antibodies were: mGluR1 (1:200, Santa Cruz, Dallas, TX, USA; sc-99040), and TH (1:400, Santa Cruz sc-7847). Secondary antibodies were: Alexa Fluor 488 donkey anti-goat immunoglobulin G (1:200, Life Technologies, Carlsbad, CA, USA; A-11055), and Alexa Fluor 555 donkey anti-rabbit immunoglobulin G (1:200, Life Technologies A-21428).
Densitometric analyses of fluorescence images
Quantification of the changes in the IR mGluR1 signal due to different treatment is performed on TH/mGluR1-positive cells by densitometric analyses. After background subtraction, mGluR1 cell-associated signals were quantified by manually outlining individual cells and measuring cellassociated fluorescence intensity with the ImageJ software (http://rsb.info. nih.gov/ij/). The ratio defines mean fluorescence of individual cells normalized to total cellular surface. Quantification was done in blind on 200 cells per group (n = 3 rats per group).
All data were expressed as means ± s.d. and represented as a percentage of control.
Slice biotinylation
Surface biotinylation was performed as previously described, 51 with little modifications. For each experiment (three independent experiments), four rats were used and slices equally distributed per each experimental condition. Midbrain slices (200 μm) were incubated in standard aCSF saturated with 95% O 2 and 5% CO 2, containing 0.5 mg ml − 1 sulpho-NHS-LC-Biotin (Pierce, Rockford, IL, USA) for 1 h on ice. After the biotinylation, the SNpc was quickly isolated from the slices by manual dissection by using a hypodermic needle under a microscope (Axioscope FS, Zeiss, Gottingen, Germany) and then washed once with ice-cold aCSF, followed by two washes in ice-cold TBS (50 mM Tris, pH 7.5, 150 mM NaCl). Slices were homogenized in Homogenization Buffer (1% Triton X-100, 0,1% sodium dodecyl sulphate, 50 mM Tris-HCl (pH 7.5), 0.3 M Sucrose, 5 mM EDTA, 0.5 mM sodium orthovanadate, 5 mM β-glycerophosphate, protease inhibitor cocktail-Sigma P8340) and then briefly sonicated. Homogenized samples were centrifuged at 13 000 gfor 10 min at 4°C, and the total protein content of resulting supernatant was measured by Bradford method. For each sample, we obtained about 350 μg protein: 25 μg protein was probed for TH content as a marker of the DAergic neurons population, and equal aliquots of biotinylated lysates (300 μg protein) were incubated with NeutrAvidinagarose (Pierce) in a 1:1 ratio for 16 h at 4°C. Biotinylated proteins attached to NeutrAvidin-coated beads were separated by Regulatory role of NRG1 signalling on mGluR1 function centrifugation (1000 g for 1 min at 4°C). The beads were washed two times with Wash Buffer (Pierce), and the bound proteins were eluted with sodium dodecyl sulphate sample buffer by boiling it for 10 min.
Protein extraction from SNpc
For each experiment (three independent experiments), two rats were used, and slices were equally distributed per experimental condition. After the treatment, SNpc was quickly isolated from slices, and three samples per group were pooled for protein extraction. Samples were homogenized in lysis buffer (320 mM sucrose, 50 mM NaCl, 50 mM Tris-HCl (pH 7.5), 1% Triton X-100, 1 mM sodium orthovanadate, 5 mM β-glycerophosphate, 5 mM NaF, protease inhibitor cocktail), incubated on ice for 30 min and centrifuged at 13 000 g for 10 min. The total protein content of the resulting supernatant was determined by Bradford method.
Immunoblotting analysis and antibodies
Proteins were applied to sodium dodecyl sulphate-polyacrylamide gel electrophoresis and electroblotted on a polyvinylidene difluoride membrane. Immunoblotting analysis was performed using a chemiluminescence detection kit. The relative levels of immunoreactivity were determined by densitometry using the ImageJ software. Significance was tested using one-way analysis of variance (ANOVA) with a Bonferroni's post-hoc test. All statistical analyses were performed using the Prism-4 software ( 
Microdialysis
Male Wistar rats (300-400 g) were housed in groups of three per cage with food and water ad libitum in animal facility where temperature was kept between 22 and 23°C and lights were on from 0700 to 1700 hours. All surgery and experiments were carried out between 1100 and 1800 hours. Surgeries were performed 52-48 h before experiments. Rats, anesthetized with Zoletil 100 (Tiletamine HCl 50 mg ml − 1 +Zolazepam HCl 50 mg ml − 1 ) and Rompun (Xylazine 20 mg ml − 1 ), were mounted on a stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA) and implanted unilaterally, following the coordinates of Paxinos and Watson, 52 with concentric microdialysis probes at the level of striatum and with 22-gauge, 7mm-long stainless steel guide cannula at the level of ipsilateral SNpc (coordinates: striatum = A: +0.6, L: 2.8 from bregma, V: − 6.5; SNpc = A: − 5, L: 1.2 from bregma, V: − 0.3). Vertical concentric dialysis probes, with a length of dialysing portion of 2 mm, were prepared with AN69 fibres (Hospal Dasco, Bologna, Italy). Each probe and cannula were fixed with epoxy glue and dental cement, and the skin was sutured. At the end of surgery, animals were housed individually into a new home cage to avoid the breaking of the implantation. On the day of experiment, rats were introduced to individual testing cages, similar in shape and measures to standard housing cages. The microdialysis probe was connected to a CMA/100 pump (Carnegie Medicine, Stockholm, Sweden) through PE-20 tubing and an ultralow torque multi-channel power assisted swivel (Model MCS5, Instech Laboratories, Inc., Plymouth Meeting, PA, USA) to allow free movement. aCSF (in mM: NaCl 140.0; KCl 4.0; CaCl 2 1.2; MgCl 2 1.0) was pumped through the dialysis probe at a constant flow rate of 2.1 μl min − 1 . Following the start of the dialysis perfusion, rats were left undisturbed for approximately 1 h before the collection of baseline samples. The mean concentration of the three samples collected immediately before treatment (o10% variation) was taken as the basal concentration.
After collection of basal samples, 1 μl per 2 min of vehicle (aCSF plus dimethyl sulphoxide), CPCCOEt (10 mM) or PD158780 (10 μM) was injected into SNpc through a stainless-steel cannula (0.15 mm OD; 16 mm length; UNIMED, Switzerland) connected to a 10-μl syringe by a polyethylene tube and driven by a CMA/100 pump.
Thirty minutes after the first injection, all rats received another injection of 1 μl per 2 min of DHPG (5 mM), DHPG (5 mM) plus CPCCOEt (10 mM), DHPG (5 mM) plus PD158780 (10 μM), vehicle, CPCCOEt (10 mM) or PD158780 (10 μM) by the same system. The dialysate samples were collected every 10 min for 90 min and brought to a volume of 42 μl by adding 21 μl of aCSF. Placements in striatum and SNpc were judged by methylene blue staining. Only data from rats with correctly placed probe and cannula have been reported. Concentrations (pg per 10 μl) were not corrected for probe recovery. The UPLC system consisted of an Acquity UPLC (Waters Corporation, Milford, MA, USA) apparatus coupled to an amperometric detector (model Decade II, Antec Leyden, The Netherlands), as previously described. 53 The detection limit of assay was 0.1 pg.
Drugs
NRG1β1 (EGF-like domain), rapamycin, (+)-muscarine chloride, cycloheximide, anisomycin (ANISO) and isoflurane were purchased from Sigma-Aldrich. (S)-DHPG, AMPA, NMDA, CPCCOEt and MPEP were obtained from Ascent Scientific (Bristol, UK).
PD158780, AG879, AG1478 hydrochloride, LY294002, Wortmannin and Dynasore were purchased from Tocris Cookson Inc. (Bristol, UK). GM6001 was obtained from Santa Cruz Biotechnology.
Zoletil 100 (Tiletamine HCl 50 mg ml − 1 + Zolazepam HCl 50 mg ml − 1 ) was purchased from Virbac, (Milano, Italy) and Rompun 20 (Xylazine 20 mg ml − 1 ) was obtained from Bayer S.p.A (Milano, Italy).
Statistical analysis
Numerical data were expressed as mean ± s.e.m. or s.d. Statistical comparisons of data obtained from electrophysiological experiments were performed using the Student's t-test (paired or unpaired data) or with one-way ANOVA followed by post-hoc Holm-Sidak test. In immunofluorescence experiments and immunoblotting analysis, significance was tested using one-way ANOVA with a Bonferroni's post-hoc test.
In microdialysis experiments, statistical analyses were carried out on raw data, and analysed by repeated-measures ANOVA with one between factor (treatment, 3 levels: Veh+DHPG, CPCCOEt+DHPG; PD158780+DHPG) and one within factor (time, 10 levels: 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 min). Simple effect of treatment was assessed by one-way ANOVA on data from samples collected at each time point. The minimal level of statistical significance was set at Po0.05.
RESULTS
NRG1 potentiates mGluR1-activated currents
We have previously reported that the group I mGluR agonist (S)-DHPG evokes an inward current in SNpc dopaminergic neurons, which is mainly mediated by mGluR1 subtype inducing the activation of TRPC channels. 40, 41 In order to investigate the effect of ErbB activation on mGluR1 function, we compared the amplitudes of (S)-DHPG-activated currents (10 μM; 3 min, bath applied) in DAergic cells from midbrain slices treated with NRG1 (5 nM, 30 min) with those recorded in untreated slices (controls). We found that NRG1 treatment determined a significant enhancement of the (S)-DHPG-activated currents (Figure 1a ), from − 104.08 ± 15.88 pA (control) to − 173.75 ± 18.45 pA in NRG1treated slices (Po0.05, CTR (n = 17) vs NRG1 (n = 13), one-way ANOVA followed by Holm-Sidak test) ( Figure 1b ).
To confirm the involvement of mGluR1 receptors in the (S)-DHPG-induced responses potentiated by NRG1, we compared the amplitude of (S)-DHPG-activated currents in midbrain slices treated with the selective mGluR1 antagonist, CPCCOEt (100 μM, 30 min) alone and in the presence of NRG1 (5 nM, 30 min). We found that CPCCOEt treatment per se strongly reduced (S)-DHPGactivated currents (n = 9; P o 0.001 CPCCOEt vs CTR) and completely counteracted the NRG1 enhancing effect (P o 0.001, CPCCOEt+NRG1 (n = 9) vs NRG1 (n = 13), one-way ANOVA followed by Holm-Sidak test; Figures 1a and b).
As (S)-DHPG is an agonist for group I mGluR also activating mGluR5 besides mGluR1, 54 the NRG1-induced increase in (S)-DHPGactivated currents might be partially dependent on a mGluR5mediated mechanism. Notably, in midbrain slices treated with the selective mGluR5 antagonist, MPEP (10 μM, 30 min), the (S)-DHPGactivated currents were slightly reduced (n = 14, Po0.05, MPEP vs CTR) but a treatment with NRG1 (5 nM, 30 min) in the presence of MPEP still induced a significant enhancement of the (S)-DHPGinduced responses (n = 12, Po0.05, MPEP+NRG1 vs MPEP, one-way ANOVA followed by Holm-Sidak test; Figures 1a and b) .
To explore the time course of NRG1 effect on (S)-DHPGactivated currents, we performed long lasting recordings in which (S)-DHPG (100-300 μM) was locally applied by pressure ejection every 3 min onto the recorded neuron (see Materials and methods) and NRG1 was bath applied (5 nM, 12 min). Also, under these conditions, NRG1 produced a significant increase of (S)-DHPG-activated currents (Figure 1c ) up to 132.94 ± 8.09% of control (n = 6, P o0.05, paired t-test). This effect had a late onset, as it started at the end of NRG1 application and continued during NRG1 washout reaching a maximal increase to 182.58 ± 12.81% of control (n = 6, P o0.01, paired t-test) after 24-30 min (Figure 1d ).
Interestingly, the NRG1-induced increase of the (S)-DHPGactivated currents was strongly reduced by the application of the broad-spectrum inhibitor of ErbB receptors, PD158780 (10 μM, 15 min), supporting the involvement of ErbB activation in the NRG1-mediated effects (Figure 1d ).
Endogenous NRG1/ErbB signalling is necessary to mGluR1 function To further unravel the role of the NRG1/ErbB signalling in the modulation of mGluR1 function, we investigated whether an endogenous NRG1 tone is required for the proper mGluR1 functioning.
To this end, we prevented endogenous ErbB activation by using PD158780 (10 μM, 15 min) and tested its effect on (S)-DHPGactivated currents, in the absence of exogenous NRG1.
Interestingly, when applied alone PD158780 produced a dramatic reduction of the (S)-DHPG-activated currents (Figure 2a) , supporting a role of endogenous NRG1 in the maintenance of mGluR1 activity. In particular, the (S)-DHPG-activated currents were decreased to 13.95 ± 4.93% of control (n = 7; P o 0.001; paired t-test), with no recovery up to 30 min of washout of the ErbB inhibitor. Indeed, the (S)-DHPG-induced currents were still reduced to 11.77 ± 5.23% of control after 30 min of PD158780 washout (n = 7; P o 0.001; paired t-test; Figure 2b) .
To further investigate the role of endogenous NRG1 in the modulation of mGluR1 function, we interfered with NRG1 synthesis. To this purpose, we used a broad-spectrum matrix metalloprotease inhibitor, GM6001, and evaluated its effect on mGluR1-activated currents. Bath superfusion of GM6001 (25 μM, 30 min) gradually reduced (S)-DHPG-activated currents to 48.16 ± 14.93% of control (n = 5, P o 0.05, paired t-test; Figures  2c and d) . These results confirm that endogenous NRG1/ErbB signalling is indispensable to mGluR1 functioning.
Subunit composition of ErbB receptors is involved in the modulation of mGluR1-activated currents NRG1 could activate different types of ErbB receptors made up of specific combinations of ErbB proteins (ErbB2, ErbB3, ErbB4) to elicit an effect on mGluR1-activated currents. In order to assess the subunit composition of ErbB dimers activated by endogenous NRG1, we recorded (S)-DHPG-activated currents in the presence of different subunit-specific ErbB inhibitors.
The involvement of ErbB1 receptor has been excluded by using the selective ErbB1 inhibitor, AG1478. In fact, in the presence of AG1478 (10 μM, 15 min) (S)-DHPG-activated currents were not significantly modified, being 75.93 ± 20.67% of control (n = 5; P40.05, paired t-test). Notably, the AG1478-insensitive currents were still inhibited by the pan-ErbB inhibitor PD158780 (Figures 2e  and f ). By contrast, in the presence of AG879, a selective ErbB2 receptors inhibitor, the mGluR1-activated responses were strongly inhibited. In particular, in the presence of AG879 (10 μM, 9 min) (S)-DHPG-activated currents were reduced to 9.19 ± 2.73% of control (n = 11, P o 0.001, paired t-test) (Figures 2g and h) . The depressant effect induced by AG879 on (S)-DHPG-activated currents was concentration dependent (Figure 2h ).
NRG1/ErbB signalling selectively modulates mGluR1-activated currents
Recent evidence has demonstrated that NRG1 modulates the glutamatergic ionotropic responses mediated by AMPA and NMDA receptors in different brain areas. 32, 37, 38 To this regard, we tested whether the NRG1/ErbB signalling, beside affecting mGluR1-activated currents, modulates ionotropic glutamate receptor-induced responses in SNpc dopaminergic neurons.
We found that NRG1 did not modify the NMDA-activated currents (Figure 3a) . Indeed, in slices treated with NRG1 (5 nM, 30 min), the amplitude of inward currents induced by NMDA (50 μM, 45 s) was − 195.77 ± 21.16 pA (n = 11), whereas in untreated slices (control) it was − 222.22 ± 12.44 pA (n = 11, P40.05, unpaired t-test; Figure 3a ). In addition, an endogenous NRG1 tone did not affect NMDA receptor function as NMDA-activated currents were unchanged by PD158780 (10 μM, 15 min) (95.92 ± 6.59% of control; n = 5, P40.05, paired t-test; Figure 3b ).
Similarly, NRG1/ErbB signalling did not modulate AMPARmediated currents in SNpc dopaminergic neurons. In fact, in slices treated with NRG1 (5 nM, 30 min) the mean amplitude of inward currents induced by AMPA (10 μM, 10 s) was − 307.99 ± 38.71 pA (n = 10) while in untreated slices (control) it was − 356.72 ± 43.14 pA (n = 10, P40.05, unpaired t-test) (Figure 3c ). Furthermore, ErbB inhibition with PD158780 (10 μM, 15 min) did not modify AMPA-activated currents (95.92 ± 6.59% of control, n = 5; P40.05; paired t-test) produced by pressure applications of AMPA (100 μM, 2-10 psi, 0.1 s; Figure 3d ).
It is known that the inward currents induced by mGluR1 stimulation in SNpc dopaminergic neurons are mediated by TRPC channels, 42 which can be also gated by other G-protein coupled receptors (GPCRs), linked to Gq proteins, such as M1-M3 muscarinic receptors. 55 To test whether the modulatory effect of NRG1/ErbB signalling on mGluR1-activated responses might be due to an action on GPCRs/TRPC channels, we analysed the muscarine-activated currents. We found that slice treatment with NRG1 (5 nM, 30 min) did not significantly modify the muscarineinduced responses (Figure 3e ). The mean amplitudes of inward currents activated by muscarine (30 μM, 2 min) were − 46.78 ± 5.43 pA in NRG1-treated slices (n = 10) and − 46.92 ± 6.04 pA in untreated slices (control) (n = 9, P40.05, unpaired t-test). Moreover, an endogenous tone of NRG1 was not essential for the muscarinic activity, as in the presence of PD158780 (10 μM; 15 min) the inward current produced by locally applied muscarine (300 μM, 2-10 psi, 0.5-1 s) was 94.65 ± 6.94% of control (n = 5, P40.05; paired t-test) (Figure 3f ).
Collectively, these experiments demonstrate that NRG1/ErbB signalling selectively modulates mGluR1-mediated responses in the dopaminergic neurons of SNpc, whereas both the ionotropic glutamatergic and the cholinergic muscarinic transmissions were largely unaffected.
NRG1/ErbB signalling regulates mGluR1 expression
Next, we aimed at understanding the molecular mechanism by which NRG1 determines the increase of mGluR1-activated responses. One possibility was that the NRG1-induced upregulation of mGluR1-activated currents was dependent on de novo protein synthesis. Therefore we analysed the effect of NRG1 on (S)-DHPG-activated currents in the presence of two different inhibitors of protein synthesis, CHX and ANISO.
Interestingly, CHX prevented NRG1-induced increase of mGluR1-activated currents (Figures 4a and b ). In fact, in CHXtreated slices (100 μM) treatment with NRG1 (5 nM; 30 min) was not able to modify (S)-DHPG-activated currents, whose amplitude was − 108.07 ± 18.95 pA (n = 11, P40.05, CHX+NRG1 vs CTR, one-way ANOVA followed by Holm-Sidak test). Similarly ANISO completely counteracted NRG1-induced increase of (S)-DHPG-activated currents, whose amplitude was − 58.48 ± 7.28 pA (n = 10, P40.05, ANISO+NRG1 vs CTR, one-way ANOVA followed by Holm-Sidak test).
Treatments with either CHX and ANISO per se did not affect the amplitudes of mGluR1-activated currents, which were − 79.50 ± 12.90 pA in CHX-treated slices (n = 11, P40.05, CHX vs CTR; one-way ANOVA followed by Holm-Sidak test) and − 63.28 ± 8.80 pA in ANISO-treated slices (n = 10, P40.05 ANISO vs CTR; one-way ANOVA followed by Holm-Sidak test) ( Figure 4b ).
To verify whether the upregulation of mGluR1-activated currents by NRG1 was due to an increase of mGluR1 expression, we performed a confocal microscope analysis of SNpc DAergic neurons in midbrain slices double-labelled for TH (green) and mGluR1 (red) (Figure 4c ). NRG1 application (5 nM, 30 min) induced a strong increase of mGluR1 staining compared with controls (173.9 ± 27.65% of control). This effect was completely abolished by either PD158780 or CHX or ANISO (Figures 4c and d) , demonstrating that the NRG1-induced increase of mGluR1 staining was dependent on activation of ErbB receptors and required new protein synthesis. Exposure to PD158780, CHX or ANISO, in the absence of NRG1, did not alter the mGluR1 staining intensity, suggesting that their inhibitory effect was restricted to protein synthesis induced by NRG1 application. NRG1 activates PI3K-Akt-mTOR pathway, which is essential to mGluR1 function in SNpc dopaminergic neurons In order to clarify the mechanisms by which NRG1 increases mGluR1 expression, we examined whether NRG1 activates PI3K-Akt-mTOR pathway in midbrain slices at different time points of incubation with NRG1 (5 nM for 5, 15 and 30 min).
We found that 5 min after NRG1 application the phosphorylation level of ErbB4 (Tyr1284) was increased when compared with control slices. The activation of ErbB4 receptor was followed by a time-dependent increase of Akt and mTOR phosphorylation (Ser473 and Ser2448, respectively).
The activation of Akt-mTOR pathway 15 min after NRG1 application was associated with an increase of eEF2 expression together with a significant increase of mGluR1 protein levels (Figures 5a and b) . Conversely, the expression levels of mGluR5, AMPAR subunit GluA1 and NMDAR subunit GluN2B were not significantly modified by NRG1 treatment (Figures 5a and b) . These data indicate that exogenous application of NRG1 activates PI3K-Akt-mTOR pathway and induces a selective increase of mGluR1 expression in midbrain slices.
The depressant effect produced by ErbB inhibition on mGluR1 function may result from the inactivation of an intracellular pathway activated by endogenous NRG1 and essential for mGluR1 function. As NRG1 activates PI3K-Akt-mTOR pathway and ErbB receptors seem to interact directly with PI3K, it is possible that the binding of ErbB inhibitors is able to disrupt ErbB-PI3K interaction, thus producing a quenching of NRG1-activated PI3K-Akt-mTOR pathway. In this case, the inhibition of PI3K-Akt-mTOR pathway at different points should mimic the depressant effect induced by ErbB inhibitors on mGluR1-activated responses.
To investigate this hypothesis, we evaluated the effects of two different PI3K inhibitors, LY294002 and wortmannin, on the mGluR1-activated currents. In the presence of both PI3K inhibitors (S)-DHPG-activated currents were significantly reduced. In particular, bath application of LY294002 (25 μM) diminished these currents to 28.16 ± 2.30% of control (n = 5, P o 0.001, paired t-test; Figure 5c ). Similarly, superfusion of wortmannin (1 μM) induced a significant reduction of mGluR1-activated currents to 34.58 ± 10.65% of control (n = 5, P o 0.01, paired t-test) (Figure 5d ). We also tested whether inhibition of mTOR could mimic the depressant effect on mGluR1 function produced by ErbB inhibitors. The (S)-DHPG-activated currents were significantly reduced to 30.48 ± 9.36 of control (n = 5, P o0.01, paired t-test) in the presence of the mTOR inhibitor, rapamycin (1 μM; Figure 5e ).
Collectively, these findings suggest that NRG1 activates ErbB receptor and the downstream PI3K-Akt-mTOR pathway; thus the inhibition of this pathway mimics the depressant effect induced by ErbB inhibitors on mGluR1-activated currents in SNpc dopaminergic neurons.
NRG1/ErbB signalling modulates mGluR1 trafficking
In order to investigate the effect of NRG1/ErbB signalling on mGluR1 trafficking, we monitored mGluR1 surface expression by biotinylation assay in midbrain slices treated with NRG1 (5 nM, 30 min) or PD158780 (10 μM, 15 min). We found that the surface levels of mGluR1 were significantly reduced upon PD158780 treatment, whereas an increased mGluR1 surface expression was observed in NRG1-treated slices compared with control slices (Figures 6a and b) . In line with the electrophysiological results (Figure 3) , no changes were observed in NMDA receptor subunit GluN2B and in AMPA receptor subunit GluA1 (Figures 6a and b) , thus excluding an effect of NRG1 and ErbB inhibition on glutamatergic ionotropic transmission.
To demonstrate that the reduction of mGluR1-dependent electrophysiological responses caused by ErbB inhibition in dopaminergic neurons is dependent on mGluR1 internalization, we investigated whether the depressant effect induced by the ErbB2 inhibitor AG879 could be counteracted by an inhibition of receptor endocytosis. Thus we evaluated the effect of AG879 on mGluR1-activated currents in the presence of dynasore, an inhibitor of clathrin/dynamin-dependent endocytosis. We observed a significant reduction of AG879-induced depression (Figures 6c and d) . In particular, (S)-DHPG-activated currents were reduced to 64.58 ± 8.48% of control by AG879 (10 μM) in the presence of dynasore (80 μM) while AG879 (10 μM) alone reduced mGluR1-activated currents to 9.19 ± 2.73% of control (n = 6 each group, P o 0.001, AG879 vs AG879+dynasore, unpaired t-test). Bath application of dynasore (80 μM) per se did not significantly modify (S)-DHPG-activated currents (Figure 6d ).
Altogether, these results demonstrate that NRG1/ErbB signalling bidirectionally regulates mGluR1 trafficking and that the functional inactivation of mGluR1 induced by ErbB inhibition is dependent on mGluR1 internalization. NRG1/ErbB signalling modulates mGluR1-induced DA release in the striatum NRG1/ErbB signalling could affect the function of mGluR1 in in vivo conditions, thus we performed microdialysis experiments in rats, to analyze whether the striatal DA release induced by intranigral injection of (S)-DHPG is modulated by blocking the endogenous NRG1/ErbB tone using the ErbB inhibitor PD158780 (Figure 7a ). Statistical analyses revealed a significant treatment × time interaction for DA in the rat striatum (F (18,126) = 4.027; P o0.001). Intra-SNpc injection of (S)-DHPG (5 mM) produced a significant increase of DA level in the ipsilateral striatum (n = 6; F (9,50) = 2.147; P o0.05), which was dependent on the activation of mGluR1 receptors, as it was completely blocked by an intra-SNpc pretreatment with the selective mGluR1 antagonist CPCCOEt (10 mM). (Figures 7a and b) . Notably, intra-SNpc injection of PD158780 (10 μM) applied 30 min before and then co-injected with (S)-DHPG in SNpc blocked striatal DA outflow induced by the application of (S)-DHPG in SNpc (Figure 7b ). The baseline levels of DA for each group did not differ significantly from vehicle (DA in the striatum = 1.598 ± 0.22 pg per 10 μl; F (5,26) = 0.400; P40.05). Moreover, striatal DA outflow in the groups treated with the intra-SNpc ErbB inhibitor or the mGluR1 antagonist did not change significantly from that treated with vehicle (F (18,108) = 0.816; P40.05; n = 5 for group).
These results confirm the essential role of endogenous nigral ErbB activation in the modulation of mGluR1-induced DA release in the striatum.
DISCUSSION
In this study, we have identified a novel functional interaction between NRG1/ErbB signalling and mGluR1 receptors in SNpc dopaminergic neurons that modulates the strength of striatal DA release. In particular, we have demonstrated that: (a) NRG1 selectively increases mGluR1-activated inward currents by inducing synthesis and trafficking to membrane of functional receptors; (b) NRG1 stimulates PI3K-Akt-mTOR pathway, whose activation is required for mGluR1 function; (c) a NRG1 endogenous tone sustains mGluR1 function, by maintaining the membrane surface expression of glutamate metabotropic receptors, and (d) NRG1/ErbB receptors and mGluR1 located on SNpc dopaminergic neurons regulates striatal DA release in vivo.
Although the expression of both NRG1 and ErbB receptors subunits (ErbB1-4) in mesencephalic dopaminergic neurons of rodent and human brain has been clearly demonstrated, 6-9 the function of ErbB signalling in this brain area has not been elucidated yet. Our results identify, for the first time, a functional role of NRG1/ErbB signalling in dopaminergic mesencephalic neurons, which control the activity of the nigrostriatal dopaminergic pathway.
Consolidated literature supports a role of NRG1/ErbB signalling in modulating the expression and/or function of ionotropic receptors, such as NMDARs, AMPARs, nicotinic acetylcholine receptors and GABA A Rs [32] [33] [34] [35] [36] [37] [38] [39] and ion channels. [56] [57] [58] Regarding a functional interaction between NRG1 and metabotropic glutamate receptors, Schapansky et al. 40 have reported that a prolonged (24 h) treatment with NRG1 modulates the changes of intracellular calcium levels caused by a broad spectrum (group I/II) mGluRs agonist in rat hippocampal cultures. Thus our results identify a yet uncharacterized role of NRG1/ErbB signalling as key regulator of the functional expression of a specific G protein-coupled metabotropic glutamate receptor in native mesencephalic dopaminergic neurons recorded in vitro.
As (S)-DHPG is an agonist for group I mGluRs activating both mGluR1 and mGluR5, 54 the NRG1-induced increase of the (S)-DHPGactivated currents might involve both receptors. However, the observation that the effect of NRG1 on the (S)-DHPG-activated currents is completely abolished in the presence of the selective mGluR1 antagonist, CPCCOEt, and remains unaffected in the presence of the specific mGluR5 antagonist, MPEP, demonstrates that the potentiation of the (S)-DHPG-induced responses caused by NRG1 is purely dependent on a mGluR1 activation. Accordingly, the NRG1 treatment caused a significant increase in the levels of mGluR1 protein in midbrain slices without modifying the expression of mGluR5.
The NRG1-induced effects depended on the activation of ErbB receptors, as demonstrated by data showing that both the potentiation of (S)-DHPG-activated currents and the increase in mGluR1 immunoreactivity were antagonized by a treatment with the ErbB inhibitor PD158780.
Interestingly, our results also support a tonic role of endogenous NRG1 in sustaining mGluR1 function in SNpc DAergic neurons as either diminishing ErbB signalling, by means of a broad spectrum antagonist, or interfering with NRG1 maturation, by inhibiting the metalloproteases enzymes, leads to a reduction of mGluR1-activated currents. Moreover, the evidence that the mGluR1-activated currents are reduced in the presence of AG879, a selective ErbB2 inhibitor, together with the result showing that NRG1 is able to induce ErbB4 phosphorylation and activation, restricts to the heterodimers ErbB2/ErbB4, ErbB2/ErbB3 or homodimer ErbB4/ErbB4 the possible subunit compositions of the ErbB receptors mediating the NRG1 effects.
Of note, the effect of NRG1/ErbB signalling on glutamatergic transmission in SNpc DAergic neurons appears to be highly specific for the mGluR1-activated responses, because ionotropic NMDAR-and AMPAR-activated currents were not affected. Our data on glutamate ionotropic receptors are in strict compliance with other works showing the different effects of NRG1 in various brain areas and synapses, reporting potentiation, reduction or no effect on the expression and/or function of AMPARs and NMDARs. For instance, a NRG1-induced modulatory effect on NMDARs expression and/or function has been detected in the prefrontal cortex 37 and in the cerebellum 34 but not in the hippocampus 32 while functional expression of AMPARs is differently influenced by NRG1 in the hippocampus 32 and in the prefrontal cortex. 38 Moreover, in accordance with a specific action, the evidence that the muscarine-activated currents are not affected by NRG1 suggests that, at least in SNpc DAergic neurons, NRG1/ErbB signalling does not modulate other metabotropic receptors linked to Gq proteins and coupled to TRPCs.
The increase of mGluR1-activated currents induced by NRG1 is due to the exposure at membrane sites of newly synthesized functional receptors, through the activation of PI3K-Akt-mTOR pathway. In fact, the increase of both mGluR1 staining and (S)-DHPG-activated currents, induced by NRG1, are blocked by two different protein synthesis inhibitors, CHX and ANISO. Additionally, our results from biotinylation assay confirm an enhancement of mGluR1 membrane expression after NRG1 treatment. Several reports demonstrate that NRG1 induces activation of PI3K-Akt-mTOR pathway, thus modulating the expression of different receptors and ion channels. 33, [56] [57] [58] Accordingly, we found that NRG1 induces the activation of PI3K-Akt-mTOR in midbrain slices together with an increased expression of eEF2, which is involved in translation phases of protein synthesis, and enhanced levels of mGluR1 protein. Moreover, the pharmacological inactivation of PI3K-Akt-mTOR pathway, at different points, produces a reduction of (S)-DHPG-activated currents, thus mimicking the depressant effect on mGluR1 function induced by ErbB inhibitors.
Internalization of receptors into cytoplasm is a common mechanism of attenuation of GPCR-activated signalling. 59 Similarly to other GPCRs, mGluR1 internalization is mediated by a mechanism that involves the formation of endocytotic clathrincoated vesicles, dependent on dynamin action. 60, 61 Our results demonstrate that functional inhibition of mGluR1 induced by blocking NRG1 signalling is due to the internalization of receptors. Indeed, by means of biotinylation assay, we show that ErbB inhibitors reduced mGluR1 membrane expression, and the reduction of mGluR1-activated currents is counteracted by blocking dynamin-dependent GPCR endocytosis with dynasore. As mGluR1 have a high rate of constitutive internalization that is independent of agonist stimulation, 62 a net reduction in mGluR1 membrane expression could occur as consequence of a block of a tonic recycling process. Therefore, the reduction of functional expression of mGluR1 induced by blocking endogenous ErbB signalling might be due to an interference in the here reported mechanism of new synthesis and trafficking to membrane of mGluR1 induced by NRG1. Moreover, as both ErbB receptor and mGluR1 are localized in the PSD of excitatory synapses, there is the possibility that they could physically interact, directly or through scaffolding proteins like PSD-95 and the GKAP-Shank--Homer complex. 4 In this context, ErbB inhibition by producing a conformational modification might disrupt ErbB-mGluR1 interaction, thus inducing mGluR1 internalization.
Physiologycal and pathological implications
As mGluR1 is critically involved in neurodevelopment, in synaptic plasticity and in different neuropsychiatric and neurodegenerative disorders, 45, 48, 49 mechanisms regulating its functional expression such as the ones dependent on NRG1 might be relevant in several physiological and pathological conditions being crucial for the amount of DA released in the striatum and other projecting areas. In relation to the in vivo physiological relevance of mGluRs1 located on SNpc dopaminergic neurons, here we report that the activation of these receptors by the intranigral microinjection of DHPG induces DA efflux in striatal projection areas. Interestingly, this effect is blocked by the local application of a specific mGluR1 antagonist. Accordingly, it has been previously reported that an intra-ventral tegmental area DHPG injection induces a rise of extracellular DA in medial prefrontal cortex, which is mainly mediated by the activation of somatodendritic mGluRs1 located on dopaminergic neurons. 44 The increase in striatal DA efflux caused by the injection of DHPG into the rat SNpc is consistent with the depolarizing effects of this mGluR1 agonist on the dopaminergic cells maintained in vitro, 41 and might have a role in the control of locomotor activation, motivation and cognition. 63, 64 In support of the role of mGluR1 in modulating the function of the dopaminergic system, it has been reported that microinjection of DHPG in the ventral tegmental area and nucleus accumbens causes an increase in locomotor activity in rodents 65 and that a pharmacological inhibition of mGluR1 impairs motor learning. 66 Remarkably, in the present study, we have shown that the DHPGinduced DA release in the striatum is prevented by the local (SNpc) administration of the ErbB inhibitor, PD158780. These in vivo results are in line with the in vitro experiments, demonstrating for the first time the essential role of NRG1 receptors in the modulation of glutamate metabotropic receptors-dependent responses in the dopaminergic system of a living animal.
Interestingly, NRG1 is considered an important susceptibility gene for schizophrenia. 4 However, the exact mechanism by which an alteration of NRG1 signalling leads to this disease remains to be clarified. As one of the cardinal pathological features of schizophrenia is perturbation of synaptic connectivity, 67 the evidence that NRG1 can differently regulate the expression and the function of several ionotropic receptors supports the hypothesis that dysregulation of NRG1/ErbB signalling could result in altered synaptic function and information processing. 4, 67 It has to be considered that both disturbances in dopaminergic and glutamatergic transmission have been implicated in the pathological mechanisms of schizophrenia. 67, 68 To this regard, recent evidence supports a specific role of SNpc dopaminergic neurons in this pathology. [69] [70] [71] [72] [73] [74] Interestingly, besides ionotropic NMDARs, a role for mGluR1 in this disease has been recently hypothesized. 75 For instance, the expression profile of mGluRs1 in brain areas crucially involved in schizophrenia such as the cortex, the hippocampus and the dopaminergic mesencephalic nuclei [76] [77] [78] suggests their involvement in this devastating disease. Remarkably, different mutations in mGluR1 gene 79 and alterations in the expression levels and signalling of mGluR1 80, 81 have been reported in schizophrenic patients. Moreover, deficits in sensorimotor gating similar to those seen in schizophrenia have been observed in mice knockout for mGluR1. 82 In light of the modulatory role of NRG1 described in this study, it might be possible that a dysregulation in mGluR1 function in schizophrenia could be eventually secondary to NRG1 alterations. Furthermore, as recent evidence indicate that the hyperactivation of SNpc DAergic neurons contributes to the pathological alteration observed in schizophrenic patients, [71] [72] [73] [74] our results, identifying a novel mechanism by which NRG1 regulates the activity of dopaminergic neurons via mGluR1, suggest NRG1 as a possible dysfunctional link between glutamate and DA in the complex picture of schizophrenia.
Interestingly, it has been recently reported that either in neurotoxin-induced models of PD or in the brain of Parkinsonian patients there is a downregulation of TRPC channels associated with an inactivation of PI3K-Akt-mTOR pathway. 83 Moreover, NRG1/ErbB signalling displays a neurotrophic and neuroprotective role in dopaminergic neurons in primary cultures 26 and in a PD animal model. 27 Therefore, it might be possible that the enhancement/maintenance of mGluR1/TRPC transmission regulated by NRG1 reported here could contribute to the trophic state of SNpc dopaminergic neurons and be critically involved in PD pathogenetic mechanisms.
In conclusion, our results unveil an essential role of NRG1/ErbB tone in sustaining mGluR1 function, thus modulating the functional state of the dopaminergic system and consequently the release of DA in the terminal areas. This NRG1-mediated mechanism might have important implications in physiological functions, such as movement, motivation and cognition. On the other hand, in case of deregulated NRG1-mGluR1 function in the dopaminergic neurons, brain diseases such as Parkinson's disease and schizophrenia could eventually occur.
